The relativistic calculations of the cross-section σ, the angular-distribution parameter β, and spin-polarization parameters {ξ, η, ζ} of photoelectrons using the multiconfiguration relativistic random-phase approximation theory for the photoionization of the B 
Introduction
Experimental and theoretical studies of photoionization processes are of fundamental importance because they have greatly increased the understanding of the responses of atoms or ions to electromagnetic radiations. In recent years, the development of merged ion-photon beams and thirdgeneration synchrotron radiation facilities provides sufficiently high density of target ions and the required incident photon flux. These high-resolution measurements attributed to rapidly evolving experimental techniques enhanced the ability to study the photoionization of atomic systems along isoelectronic, isonuclear, and isoionic series.
Divalence atomic systems such as the Be-isoelectronic sequence are attractive candidates for the systematic studies of the photoionization processes because of their relatively simple quasi-two-electron structure. In these atomic systems, two loosely bound electrons in the L-shell are well separated from the other two tightly bound K-shell electrons. They are suitable for comprehensive studies of electron-correlation and relativistic effects in photoionization processes. In addition, many works have shown that relativistic effects play an important role in the photoionization of small atoms, such as Be [1] [2] [3] [4] , Ne [5] , and Mg [6] [7] [8] . Therefore, it is worthwhile to investigate the interplay between electroncorrelation and relativistic effects on the photoionization of atoms or ions with a low nuclear charge.
Considerable theoretical and experimental efforts have been made recently to investigate the photoionization of the B + ion. Among the theoretical results are the R-matrix calculations of Tully et al. [9, 10] , the B-spline-based configuration-interaction approach of Chang and Zhu [11] , and the noniterative eigenchannel R-matrix method of Kim and Manson [12] .
On the experimental side, the absorption spectrum of B + has been measured by Esteva [13] . Jannitti et al. [14] investigated the absorption spectrum of B + for photon energies between 400 and 1700Å by using two-laser produced plasma. Recently, a good agreement between theory and experiment for the photoionization of the B + ion was performed by Schippers et al. [15] by using a photon-ion merged-beams arrangement at the advanced light source. They also calculated the photoionization cross section using the semirelativistic Breit-Pauli R-matrix approach.
The multiconfiguration relativistic random-phase approximation theory (MCRRPA) has been successfully applied to photoexcitation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and photoionization [1, 8, 28, [30] [31] [32] [33] [34] of divalence atomic systems. Double-excitation resonances in the photoionization spectrum reveal electroncorrelation and relativistic effects and therefore provide a stringent testing ground for the accuracy of theoretical models. In the photon-energy region between (1s 2 2s) 2 . These resonances are the result of relativistic effects, without which they are completely forbidden. Because of the incorporation of relativity in the MCRRPA calculation, the double-excitation resonances in the photoionization spectrum belonging to all five Rydberg series of the B + ion are built-in from the outset.
The main concerns of most photoionization researches are with the corss section. Nevertheless, a complete macroscopic analysis of photoionization processes also requires knowledge of the angular distribution and spin polarization of photoelectrons. In the nonrelativistic limit, these extra parameters are all constant. In this work, we continue our previous investigation of the photoionization processes of the B + ion by using the MCRRPA theory [35] . The cross section, angular distribution, and spin polarization of photoelectrons including all five Rydberg series of lowlying doubly excited states (2pns
are studied in detail, accounting for all relativistic excitation channels. In Section 2, we review our method briefly. Results are presented in Section 3, and the conclusion is made in Section 4.
MCRRPA Theory
A detailed formulation of the MCRRPA has been given in previous papers [36, 37] , and only a summary of the essential features will be given here. The N-electron atomic system is described as a superposition of configuration wavefunctions with time-dependent weights. The timedependent variational principle is employed to determine the response of the atomic system to a time-dependent external field. The resulting terms independent of the external field lead to the usual multiconfiguration Dirac-Fock (MCDF) description of an atomic state. Those terms proportional to the external field lead to the MCRRPA equations describing the linear response of the atomic state to the external field. If we start from a single-configuration reference state, the MCRRPA equations reduce to the relativistic random-phase approximation (RRPA) equations. The multiconfiguration reference state is described by a linear combination of three configurations with two valence electrons coupled to zero angular momentum and even parity: 
where C 1 , C 2 , and C 3 are configuration-weight coefficients. We consider seven excitation channels from the valence electrons in the electric-dipole approximation for photon (i) Photoionization channels:
(ii) Photoexcitation channels: The couplings between the photoionization and photoexcitation channels generate five autoionization resonance series in the photoionization spectrum.
Photoionization of unpolarized atoms or ions in the dipole approximation can be completely described by a set of five dynamical parameters [38] [39] [40] , namely, the total cross section σ, the angular-distribution parameter β, and spinpolarization parameters ξ, η, and ζ. At the photon energy Dω, these dynamical parameters for the photoionization of the B + ion can be expressed in terms of photoionization amplitudes D S , D T , and the relative phase φ ≡ φ S −φ T , where the subscripts S and T denote, respectively, the singlet and triplet channels:
We note particularly that for photoionization of an unpolarized B + ion, only three of the five parameters {σ , β, ξ, η, ζ} are independent, which may be expressed in terms of three independent quantities {|D S |, |D T |, φ}.
Results and Discussions
In the present work, we investigate the photoionization spectrum of the B + ion in the region of interest by using the MCRRPA theory. We consider the incident photon with energy between the ionization thresholds (1s 2 2s) 2 S 1/2 and (1s 2 2p) 2 P o 1/2 , where only photoionization channels (a) and (b) are open. The couplings of the two photoionization channels and remaining five photoexcitation channels provide the paths for the doubly excited states to decay through autoionization. As a result, the photoionization cross section in the range is dominated by the five Rydberg series of resonances (2pns the double-excitation series (2pns) Figure 2 as a demonstration, where σ m indicates the crosssection minimum, E r the resonance energy, and Γ r the width of the resonance. The phase shift δ increases π in the vicinity of each resonance; a slower variation in the phase shift indicates a broader resonance, that is, a shorter lifetime. Phase-shift variations allow us to identify theoretically precise positions and widths of pseudobound states. The precise positions E r and widths Γ r of double-excitation resonances belonging to five Rydberg series for the MCRRPA calculation are derived from phase-shift variations.
The allowed double-excited states (2pns) 1 P o 1 and (2pnd) 1 P o 1 are well separated for a parametric fit to be made in the way suggested by Dubau and Seaton [41] , within the framework of the quantum defect theory. In Tables 1  and 2 , we present effective quantum numbers ν, quantum defects μ, resonance energies E r , and the Beutler-Fano parameter q [42] , which describe the resonance profiles. with these photoionization channels are weaker such that their widths are much narrower. There are, however, some discrepancies between theoretical results for resonance widths. Our MCR-RPA calculation, which deals with all five Rydberg series, includes relativistic and correlation in an ab initio manner and treats the initial and final states in a balanced fashion; therefore, it should in principle provide reliable lifetimes within the model itself.
In comparison with our previous MCRRPA results for neutral Be [3] , the stronger nuclear field of the B + ion moves a number of the near-threshold resonances below the ionization threshold of the B + ion and thereby alters the behavior of the cross section considerably. In addition, the couplings among the resonances are greater for the B + ion than 25 The angular-distribution and spin-polarization parameters {β, ξ, η, ζ} for photoelectrons by seven-channel MCR-RPA calculations in the double-excitation resonance region are given in Figure 3 . These parameters deviate from their nonrelativistic limits due to relativistic effects which permit couplings with forbidden channels. In the nonrelativistic limit, the final state should be of the 1 Figure 4 as a demonstration. Around the A-type resonances, we observe marked departures of β from its background value 2, and β reaches its minimum −1 at the resonance minimum σ m . The parameters ξ and η change sign through the resonance minimum and vary reciprocally to the energy departure from the resonance minimum. Furthermore, it is worth noting that although the cross section in (2) is independent of the relative phase, the resonance minimum reveal the position where the relative phase goes through π rapidly. In the neighborhood of F-type resonances, the variations of photoionization parameters are much smaller and less symmetric about the resonance energy E r , compared to those of the A-type resonances. It is also reasonable that the variations of β and ζ reach their extrema near the resonance energy E r for resonances (2p3d) 3 
Conclusion
In summary, notable features in the processes of the simultaneous excitation of two valence electrons of the B + ion by a single photon are the double-excitation resonances in the photoionization spectrum, angular distributions, and spin The positions of resonance energies E r are in general agreement with previous experiments and theoretical calculations. The B + ion with a low nuclear charge behaves more or less nonrelativistically, only two of the five resonance series dominate the photoionization cross section. Therefore, experimental data are only available for the energies E r and widths Γ r of two singlet Rydberg series (2pns) 1 P o 1 and by measuring the photoelectron angular-distribution parameter β. Nevertheless, for this purpose, spin-polarization measurements of photoelectrons could always be independent verifications. Experimental studies on angular distribution of photoelectrons are suggested to obtain information on widths of some states, which cannot be obtained from total cross section measurements.
